Phosphopeptide analyses of the simian virus 40 (SV40) large tumor antigen (LT) in SV40-transformed rat cells, as well as in SV40 lytically infected monkey cells, showed that gel-purified LT that was not complexed to p53 (free LT) and p53-complexed LT differed substantially in their phosphorylation patterns. Most significantly, p53-complexed LT contained phosphopeptides not found in free LT. We show that these additional phosphopeptides were derived from MDM2, a cellular antagonist of p53, which coprecipitated with the p53-LT complexes, probably in a trimeric LT-p53-MDM2 complex. MDM2 also quantitatively bound the free p53 in SV40-transformed cells. Free LT, in contrast, was not found in complex with MDM2, indicating a specific targeting of the MDM2 protein by SV40. This specificity is underscored by significantly different phosphorylation patterns of the MDM2 proteins in normal and SV40-transformed cells. Furthermore, the MDM2 protein, like p53, becomes metabolically stabilized in SV40-transformed cells. This suggests the possibility that the specific targeting of MDM2 by SV40 is aimed at preventing MDM2-directed proteasomal degradation of p53 in SV40-infected and -transformed cells, thereby leading to metabolic stabilization of p53 in these cells.
The transforming activity of the major transforming protein of simian virus 40 (SV40), the large tumor antigen (LT), results mainly from its specific interactions with a variety of cellular proteins (reviewed in reference 46). Among these, the interactions of LT with the tumor suppressor proteins pRb (and pRb-related proteins) and p53 are the best characterized (reviewed in references 33 and 44) . A major function of these interactions is to abolish the tumor suppressor functions of these proteins (reviewed in references 44, 65, and 76) . However, at least the interaction of LT with p53 seems to be more complex, because there is evidence for an auxiliary transforming function of p53 in SV40 transformation (16, 49, 73, 74, 81) . This auxiliary function of p53 is tightly connected with metabolic stabilization of p53, leading to strongly enhanced p53 levels in SV40-transformed cells. During cellular transformation, metabolic stabilization of p53 and the ensuing increase in p53 levels correlate with an enhanced transformation frequency and progression to a more highly transformed phenotype (16, 73, 74, 80, 81) . Metabolic stabilization of p53 during SV40 transformation of nonpermissive rodent cells is a cellular event, which is mediated by the cooperative action of LT and the second transforming protein of SV40, the small tumor antigen (small t) (74) . Stabilization of p53 complexed with LT thus might be an important aspect of the small t helper function in SV40 transformation (reviewed in reference 80) . From these data, we concluded that targeting of p53 during SV40 transformation might play a dual role, not simply leading to the inactivation of the tumor suppressor functions of p53 but also endowing the metabolically stabilized p53 with an important auxiliary function in SV40 transformation. The postulated auxiliary effect of metabolically stabilized p53 could be a function of the stabilized p53 itself, acting like a "gain-of-function" mutant p53 (reviewed in references 18 and 19) , or a property of the LT-p53 complex. The latter possibility recently has been suggested by our finding that p53, by complexing with LT, seems to "activate" the transforming potential of the C-terminal transforming domain of LT (81) . Metabolic stabilization of p53 in SV40 transformation thus could be regarded as a means of substantially increasing the fraction of such "activated," i.e., fully transformation-competent, LT in complex with p53.
LT is a phosphoprotein, and the regulatory role of phosphorylation in modulating the various activities of this protein has been well established (reviewed in references 23 and 64). We therefore analyzed whether LT complexed with p53 and free LT might differ in their phosphorylation states. Such a difference might provide an indication for explaining the possibly different activities of these LT subpopulations. Our analyses of the phosphorylation status of p53-complexed LT and of free LT in SV40-transformed rat cells led to the discovery that MDM2, a physiological antagonist of p53 (2, 52, 57, 58, 60) , is a target of SV40 in cellular transformation and also during lytic infection: MDM2 was coprecipitated with LT-p53 complexes and quantitatively complexed with the free p53 in SV40-transformed cells. Furthermore, the MDM2 protein in SV40-transformed cells exhibited a significantly different phosphorylation pattern from the MDM2 in nontransformed cells and, like p53 in SV40-transformed cells, became metabolically stabilized.
Since MDM2 was recently shown to direct p53 to proteasomal degradation (29, 39) , the targeting of MDM2 by SV40 might serve to achieve metabolic stabilization of p53 in SV40-transformed and -infected cells. Furthermore, since MDM2, aside from its ability to negatively regulate p53 activities and to direct p53 into the degradation pathway, seems to have an oncogenic potential of its own (24, 60) , the specific targeting of MDM2 to free p53 and LT-p53 complexes could provide a basis for the auxiliary function of metabolically stabilized p53 in SV40 transformation.
(This work was conducted by W. Henning in partial fulfillment of the requirements for a Ph.D. at the University of Hamburg, Hamburg, Germany.)
MATERIALS AND METHODS
Cells and virus infection. The cells used in this study were normal Fisher rat fibroblasts REF52 (6) and F111 (25) , SV40-transformed REF52 rat fibroblasts (SV52) (6), Swiss 3T3 (75) and SV40-transformed Swiss SV3T3 mouse fibroblasts, and an African green monkey kidney cell line (CV1) (36 ) (carrier free; Hartmann Analytics) in P i -free DMEM (ICN) supplemented with 10% P i -free FCS. In each case, the labeling medium was preequilibrated overnight at the labeling temperature.
Lysis, immunoprecipitation, SDS-PAGE, and Western immunoblotting. 35 Streated cells were washed with ice-cold PBS and extracted for 30 min at 4°C with lysis buffer containing 50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 10% glycerol, 1% Nonidet P-40, 5 mM dithiothreitol, 1 mM EGTA, 30 g of aprotinin (200 kIU) (Trasylol; Bayer) per ml, 50 g of leupeptin per ml, and 20% immunoglobulin G-free and heat-inactivated FCS. Whole-cell extracts from 32 P-treated cells were prepared by lysis in sodium phosphate-based lysis buffer (pH 9.0). Extracts were cleared by centrifugation for 45 min at 12,000 ϫ g at 4°C. Proteins were immunoprecipitated with the monoclonal antibody PAb419, specific for LT (28) or PAb421, specific for p53 (28) , or with an MDM2 antiserum (38) and 50 l of protein A-Sepharose for 2 h at 4°C on a rotating shaker. The immunoprecipitates were washed five times with phosphate-buffered saline (PBS) containing 1% Nonidet P-40, three times with PBS, and once with 0.1 ϫ PBS. Then immune complexes were denatured in sodium dodecyl sulfate (SDS) sample buffer, and radiolabeled proteins were separated on SDS-polyacrylamide gels and detected by fluorography and autoradiography, as described previously (54) .
The amounts of immunoprecipitated MDM2 were determined by Western blotting. The immunoprecipitated proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, and visualized by enhanced chemiluminescence (Amersham). Protein bands corresponding to MDM2 were detected by use of an MDM2 antiserum (primary antibody) and horseradish peroxidase-conjugated mouse anti-guinea pig immunoglobulin G (secondary antibody).
Pulse-chase analysis. Equal numbers of subconfluent cells were pulse-labeled for 15 min with [ 35 S]cysteine-[ 35 S]methionine (60 Ci ml Ϫ1 ) in methionine-and cysteine-free DMEM containing 10% dialyzed FCS and chased with growth medium for 15 to 240 min. Whole-cell extracts were prepared by lysis in Trisbased lysis buffer (see above).
Two-dimensional phosphopeptide analysis. Immunoprecipitated proteins were purified by SDS-PAGE on 1-mm-thick 7.5% acrylamide gels. They were then extracted from the gels and oxidized with performic acid as described previously (37) .
Phosphopeptides of SV40 LT and MDM2 were prepared by sequential digestion with tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Worthington) and pronase E (Sigma) and were separated and analyzed on thin-layer plates by electrophoresis at pH 1.9 for 45 min and 1 kV followed by ascending chromatography in isobutyric buffer by the method of Scheidtmann et al. (67) and Knippschild et al. (37) . The phosphopeptides were visualized by autoradiography.
In vitro transcription, in vitro translation, and in vitro binding assays. The in vitro transcription and in vitro translation assays were carried out as previously described (55) . Briefly, a full-length mouse wt p53 cDNA clone (8), a mouse MDM2 cDNA clone (38) , and an SV40 LT cDNA clone (10) were transcribed in vitro with T7 and T3 RNA polymerases by using the Riboprobe Gemini transcription system (Promega). In vitro translation of p53, SV40 LT, and MDM2 was performed in the presence of 30 Ci of 35 S-labeled or unlabeled methionine and cysteine with a rabbit reticulocyte lysate system (Promega). A 5-l volume of each reticulocyte lysate containing newly synthesized proteins was diluted in lysis buffer (see above), labeled and unlabeled proteins were mixed, and the mixture was incubated for 1 h at 4°C. Unlabeled MDM2 and LT then were immunoprecipitated with the respective antibodies. Immunocomplexes were separated by SDS-PAGE, and associated labeled proteins were detected by fluorography. (53), to obtain total (i.e., free and complexed) LT, or with PAb421, recognizing a C-terminal epitope of p53 (42) , to specifically precipitate LT complexed to p53. To purify uncomplexed (free) LT, these extracts were cleared of p53-LT complexes by three sequential immunoprecipitations with the p53-specific PAb421, and free LT was immunoprecipitated from the cleared extracts with PAb419. Analysis of the 35 S-labeled proteins by SDS-PAGE (Fig. 1A) demonstrated that in these cells about half of the total LT was complexed with p53 (compare lanes 1, 2, and 5). In agreement with previous reports (22, 72) , analysis after 32 P labeling showed that LT complexed with p53 was phosphorylated to a significantly higher degree than was free LT (Fig. 1B, compare lanes 2 and 5) . Total LT, p53-complexed LT, and free LT were gel purified and then subjected to two-dimensional phosphopeptide mapping analysis, as described previously (37) and in Materials and Methods. Figure 2A shows the phosphopeptide pattern of free LT, displaying the phosphorylation sites of LT as determined in several laboratories (17, 32, 37, 67, 69) . Although the phosphopeptide pattern of p53-complexed LT (Fig. 2C ) was similar to that of free LT ( Fig. 2A) , some striking differences were observed. The most prominent was the appearance of phosphopeptides not present in free LT (I to VIII in Fig. 2C ). In addition, several phosphopeptides of free LT were reduced or not present in p53-complexed LT (e.g., peptides 4, 6a, 6, 11, 12a, and d). Whereas the loss of phosphopeptides could be easily explained by an altered phosphorylation of p53-complexed LT, the appearance of additional phosphopeptides in p53-complexed LT posed a problem insofar as we considered it very unlikely that such a major phosphorylation site as represented, e.g., by peptide I in Fig. 2C would have been missed in previous analyses. Phosphopeptide analysis of total LT (Fig.  2B) shows that the additional phosphopeptides present in the map of p53-complexed LT could also be detected in the phosphopeptide map of total LT when it was overexposed (compare the relative intensities of the LT-specific peptide 13 in . Aliquots of whole-cell extracts were immunoprecipitated for total LT (lanes 1), LT-p53 complex (lanes 2 to 4), and free LT (lanes 5) with the respective monoclonal antibodies. Free LT was purified by clearing the extract of p53-LT complexes by three sequential immunoprecipitations with PAb421 (lanes Fig. 2A, B , and C). This finding made it difficult to assume that these additional peptides resulted from artifacts generated either during immunoprecipitation or during peptide mapping.
RESULTS

Free
MDM2 coprecipitates with LT-p53 complexes and with free p53. As a possible explanation for the presence of additional phosphopeptides in the peptide map of p53-complexed LT, we considered the specific coprecipitation of a protein with an apparent molecular mass on SDS-PAGE of 90 kDa with the p53-LT complex. The MDM2 protein appeared to be a promising candidate for such a protein. MDM2 is a physiological p53 binding protein (2, 29, 39, 52, 57, 58, 60) , which might interact with p53 in the LT-p53 complex or with the free p53 present in SV40-transformed cells, and it would comigrate with LT, since it, like LT, has an apparent molecular mass of 90 kDa on SDS-PAGE. MDM2 associated with the free p53 in SV52 cells also would coprecipitate with the LT-p53 complex, since isolation of this complex from SV52 cells by immunoprecipitation of the cellular extract with PAb421 will precipitate p53 both in complex with LT and free. To test this possibility, extracts of SV52 cells, labeled either with [
35 S]methionine-[ 35 S]cysteine or with 32 P i , were cleared of LT and LT-p53 complexes by sequential immunoprecipitation with PAb419. The cleared extracts were then immunoprecipitated with PAb421, which then recovered only any "free" p53 still in the extract (14, 15) . The result of this analysis is shown in Fig. 3 .
FIG. 2.
Phosphopeptide analysis of free LT, large T complexed to p53, total LT, and MDM2 in SV52 cells. The cells were labeled with 32 P i and free LT (A), total LT (B), large T complexed to p53 (C), and MDM2 (D) were immunoprecipitated from whole-cell extracts as described in the legend to Fig. 1 and 3 . Phosphopeptides of LT and MDM2 were prepared by sequential digestion of purified proteins with TPCK-treated trypsin and pronase E, followed by two-dimensional analysis by electrophoresis (first dimension) and ascending chromatography (second dimension) as described in Materials and Methods. The LT phosphopeptides were numbered by the system of Knippschild et al. (37) . The origin is marked with a solid square, the anode is on the left, and P i indicates the position of free inorganic phosphate. Additional peptides in total LT and the LT complexed to p53 and phosphopeptides derived from immunopurified total MDM2 are indicated as I to IX. Immunoprecipitates were analyzed on SDS-11.5% polyacrylamide gels and subjected to fluorography and autoradiography, respectively. Lanes 1 to 3 show the clearing of the extracts from LT and LT-p53 complexes by sequential immunoprecipitation with PAb419, and lane 4 shows the free p53 recovered from the cleared extracts by immunoprecipitation with PAb421. Only a small fraction (approximately 1%) of the total p53 present in the extracts of SV52 cells was found not to be complexed with LT. This p53 appeared to be phosphorylated to a significantly lesser extent than was the p53 present in LT-p53 complexes, since it was hardly detected after 32 P labeling (Fig. 3B) . A faint band at an apparent molecular mass of 90 kDa, which could represent MDM2 coprecipitating with the free p53, was seen after both 35 S and 32 P labeling. To test this assumption, extracts of SV52 cells were immunoprecipitated with a polyclonal antibody raised against purified, bacterially expressed mouse MDM2 protein (38) . Figure 3 , lanes 5, shows the presence of a 90-kDa protein comigrating with LT, as well as a 90-kDa protein coprecipitating with free p53 and an 85-kDa protein, most probably representing the MDM2 90-and 85-kDa doublet (4, 59) . Phosphopeptide mapping of the 90-kDa protein precipitated by the MDM2 antiserum from the whole-cell extract of 32 P-labeled cells (Fig. 4A ) and of the 90-kDa protein coprecipitating with free p53 (Fig. 4B) showed a close similarity, indicating that these proteins were related. Therefore, we concluded that these 90-kDa proteins represented MDM2.
The phosphopeptide map of MDM2 precipitated from the whole-cell extract of SV52 cells by the MDM2 antiserum is also shown in Fig. 2D and demonstrates that the additional phosphopeptides I to VIII, present in the phosphopeptide map of p53-complexed LT, were derived from MDM2 coprecipitating with the LT-p53 complex. Comparison of Fig. 4A and B showed some differences in the phosphorylation patterns of MDM2 in complex with free p53 (Fig. 4B ) and of MDM2 precipitated by the MDM2 antiserum (Fig. 4A) . The most prominent difference was the absence of peptide IX in MDM2 complexed to p53. A similar difference can also be seen in the phosphopeptide maps of MDM2 precipitated by the MDM2 antiserum (Fig. 2D ) and MDM2 coprecipitated with the LTp53 complex (Fig. 2C ) in SV52 cells, suggesting that the respective MDM2 proteins are differently phosphorylated.
MDM2 is targeted by SV40 during lytic infection. The results shown above suggested that MDM2 might be a target of SV40 in cellular transformation. To analyze whether the targeting of MDM2 by LT-p53 complexes is a general property of SV40-host interactions, we asked whether MDM2 might also interact with LT-p53 complexes during SV40 lytic infection. CV1 monkey cells were infected with SV40 at a multiplicity of infection of 10. At 45 h postinfection, the cells were labeled with 32 P i for 3 h and extracted. Free LT and p53-complexed LT were immunopurified as described above, subjected to phosphopeptide analysis, and analyzed for the possible association of MDM2. The free LT in these cells exhibited the phosphopeptide pattern characteristic of LT ( Fig. 5A ; compare Fig.  2A ). The phosphopeptide pattern of p53-complexed LT in SV40-infected CV1 cells (Fig. 5B) resembled that of p53-complexed LT in SV52 cells (Fig. 2C) . Again, several LT-specific phosphopeptides were reduced compared to those for free LT (e.g., peptides 4, 6a, 12a, c, and e), and the additional phosphopeptides (I to VIII) indicated the coprecipitation of MDM2 with the p53-LT complex. Figure 5C shows the phosphopeptide map of MDM2 precipitated with the MDM2 antiserum. Comparison with Fig. 5B shows that the MDM2 protein in the LT-p53 complex from SV40-infected CV1 cells, like the one in SV52 cells, was somewhat differently phosphorylated from the MDM2 protein precipitated with the MDM2 antiserum. The most significant difference was the presence of an additional peptide (IX) in MDM2 precipitated from wholecell extracts by the MDM2 antiserum. Furthermore, peptides IV and VII are more abundant relative to peptides V and VIII in MDM2 precipitated with the MDM2 antiserum than in MDM2 associated with the LT-p53 complex.
MDM2 forms a trimeric complex with LT and p53 in vivo and in vitro. The phosphopeptide maps of free LT in SV40-transformed and -infected cells ( Fig. 2A and 5A ) did not contain any MDM2-specific phosphopeptides. Conversely, the analysis of the phosphopeptide maps of the MDM2 proteins precipitated with the MDM2 antiserum from whole-cell extracts of either SV40-transformed ( Fig. 2D and 4A ) or SV40 lytically infected cells (Fig. 5C ) did not show any of the LTspecific phosphopeptides, indicating that LT did not coprecipitate with MDM2 in these immunoprecipitations. These findings could mean that MDM2 in SV40-infected and -transformed cells is associated exclusively with the free p53 coprecipitating with the LT-p53 complex. This interpretation would also be supported by the fact that approximately the same amount of p53 was coprecipitated with MDM2 when the MDM2 antiserum was used (Fig. 3, lanes 5) , as the amount of free p53 in SV52 cells (lanes 4). On the other hand, since immunoprecipitation of total LT with the LT-specific PAb419 will not coprecipitate any free p53, this interpretation is not compatible with our finding that the phosphopeptide map of total LT in SV52 cells also contained MDM2-specific peptides (Fig. 2B) . As an alternative explanation, we therefore considered the possibility that the MDM2 associated with the LT-p53 complex was not recognized by our antiserum. To test this possibility, whole-cell extracts of 32 P-labeled SV52 cells were first cleared of MDM2 immunoprecipitable with MDM2 antiserum by three sequential immunoprecipitations. This cleared extract was subsequently immunoprecipitated for LT-p53 complexes with PAb421. p53-complexed LT then was gel purified and analyzed for the presence of coprecipitated MDM2 by phosphopeptide mapping. A phosphopeptide map virtually identical to that shown in Fig. 2C was obtained (data not shown), providing strong evidence that MDM2 is associated with the LT-p53 complex but that this MDM2 is not recognized by our MDM2 antiserum.
To analyze the possible interactions of MDM2 with free LT and with LT complexed to p53, we performed in vitro association studies with SV40 LT, mouse p53, and mouse MDM2, translated in vitro from their respective full-length mRNAs in rabbit reticulolysates (see Materials and Methods). In vitro translation allowed the selective labeling of each of the possible interaction partners with [
35 S]methionine-[
35 S]cysteine and, after mixing the translation reaction mixtures, immunoprecipitation of the formed complexes with either an LT-or an MDM2-specific antibody. By precipitation with the antibody against the unlabeled protein, associated 35 S-labeled proteins could be detected by coprecipitation. The result of this analysis is shown in Fig. 6 . After mixing unlabeled in vitro-translated MDM2 with 35 S-labeled LT, the MDM2 antiserum was able to coprecipitate LT (Fig. 6, lane 2) , indicating that in vitro MDM2 can associate with LT alone, as previously described (9) . Mixing unlabeled MDM2 with labeled LT plus labeled p53 and immunoprecipitating with the MDM2 antiserum resulted in coprecipitation of both LT and p53 (lane 3), indicating the formation of a trimeric complex in vitro. Similarly, mixing unlabeled LT with labeled MDM2 and labeled p53 followed by immunoprecipitation with the LT-specific PAb419 led to coprecipitation of MDM2 and p53 (lane 4). This analysis thus yielded two important results. First, MDM2 and LT by themselves can form a complex in vitro (lane 2). This conclusion was further corroborated by mixing in vitro-translated, 35 S-labeled LT with an unlabeled whole-cell extract from Swiss 3T3 cells, which express relatively large amounts of MDM2 (54, 59 ) (see below). Precipitation of this unlabeled MDM2 with the MDM2 antiserum coprecipitated the added labeled LT (lane 5). In contrast to this in vitro association of MDM2 with LT, our FIG. 5 . Phosphopeptide analysis of free LT, LT complexed to p53, and of MDM2 in CV1 cells after lytic infection with SV40. The cells were labeled with 32 P i , and whole-cell extracts were prepared by lysis in sodium phosphate-based lysis buffer (pH 9.0). (A) Free LT was obtained by clearing the extract of p53-LT complexes by three sequential immunoprecipitations with PAb421 followed by immunoprecipitation with PAb419; (B) LT complexed to p53 was coprecipitated with PAb421; (C) MDM2 was immunoprecipitated with the polyclonal MDM2 antiserum. Phosphopeptides were prepared as described in the legend to Fig. 2 . The origin is marked by a solid square, the anode is on the left, and free radioactive phosphate is indicated by P i . The LT-specific phosphopeptides were numbered by the nomenclature of Knippschild et al. (37) . Phosphopeptides derived from MDM2 are indicated as I to IX as in Fig. 2D and 4A.   FIG. 6 . In vitro association of MDM2 with LT and with LT-p53 complexes. MDM2, LT, and p53 were transcribed in vitro from cDNA clones and translated in vitro by the Promega system as described in Materials and Methods. A 5-l volume of the 50-l in vitro translation mixture was diluted in Tris-based lysis buffer, 35 S-labeled and unlabeled proteins were mixed, the mixtures were incubated for 1 h, and the unlabeled proteins were immunoprecipitated with the respective antibodies. Lanes: 1, control, analysis of nonspecific binding of 35 Slabeled p53, LT, and MDM2 to protein A-Sepharose; 2, precipitation of unlabeled MDM2 and 35 S-labeled LT with polyclonal MDM2-antiserum; 3, precipitation of unlabeled MDM2 and 35 S-labeled LT and p53 with polyclonal MDM2 antiserum; 4, precipitation of unlabeled LT and 35 S-labeled MDM2 and p53 with PAb 419 (p53⌬C is a prematurely terminated, C-terminally truncated in vitro translation product [55] ); 5, association of unlabeled MDM2 immunoprecipitated from whole-cell extracts of Swiss 3T3 cells, with in vitro translated, 35 Slabeled LT. Immunoprecipitates were analyzed on SDS-11.5% polyacrylamide gels and subjected to fluorography.
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on August 28, 2017 by guest http://jvi.asm.org/ analyses gave no indication that MDM2 and free LT will form a complex in vivo. Second, MDM2 is also able to form a trimeric complex with LT and p53 in vitro, as already suggested by our in vivo analyses. However, in contrast to the trimeric complex formed in vivo, the trimeric complex formed in vitro was recognized by our anti-MDM2 serum. SV40 alters the phosphorylation status of MDM2. The in vitro analysis of the interactions of MDM2 with LT had shown that the trimeric complex formed by LT, p53, and MDM2 in vitro was recognized by our MDM2 antiserum whereas such a trimeric complex formed in vivo was not. Furthermore, MDM2 formed a complex with free LT in vitro whereas no such complex could be detected in vivo. These differences could be simply due to structural differences in the respective complexes, e.g., differences in the stoichiometry of the reacting partners. As an alternative explanation, we considered the possibility that these differences reflected a specific targeting of MDM2 by SV40 in cellular transformation and in lytic infection, aimed at preventing the association of MDM2 with free LT and furthering its specific association with free p53 and LT-p53 complexes in vivo. Such an SV40-induced altered specificity of the interactions of MDM2 could be achieved by an altered conformation of MDM2 in SV40-infected and -transformed cells, which might also account for the loss of recognition of MDM2 associated with LT-p53 complexes by our MDM2 antiserum.
To get an indication of whether SV40 transformation might alter the conformational status of MDM2, we wanted to analyze the phosphorylation pattern of MDM2 from normal (F111 and REF52) and SV40-transformed (SV52) rat fibroblasts. Such an analysis, however, was not possible, since F111 and REF52 cells contained too little 32 P-labeled MDM2 protein, probably reflecting the fact that these cells contain very little MDM2 protein (see below). We therefore analyzed the MDM2 proteins from Swiss 3T3 cells and from an SV40-transformed derivative of these cells (Swiss SV3T3 cells), since MDM2 is abundantly expressed in these cells (54, 59 ) (see below). Swiss 3T3 and Swiss SV3T3 cells were labeled with 32 P i for 3 h and extracted. The extracts were precipitated with MDM2 antiserum, and the gel-purified MDM2 proteins were analyzed by peptide mapping. Figure 7 shows the complex phosphopeptide patterns of the MDM2 proteins from SV40-transformed (Fig. 7A) and normal (Fig. 7B ) Swiss 3T3 cells. Despite some similarities, the respective phosphorylation patterns were grossly different. A mixing experiment (Fig. 7C ) involving MDM2 phosphopeptides from Swiss 3T3 and from Swiss SV3T3 cells revealed that MDM2 from SV40-transformed Swiss SV3T3 cells contained at least four phosphopeptides not found in normal Swiss 3T3 cells (peptides II, III, V, and VIII). On the other hand, MDM2 from Swiss 3T3 cells contained at least one phosphopeptide (peptide X) not found in MDM2 from Swiss SV3T3 cells. In addition to these qualitative alterations, several peptides common to MDM2 in Swiss 3T3 cells and MDM2 in Swiss SV3T3 cells (peptides XI, XII, XIII, XIV, XV, and XVI) were phosphorylated to a significantly higher degree in MDM2 from normal Swiss 3T3 cells than in MDM2 from Swiss SV3T3 cells. Our conclusion that SV40 is able to induce a profound alteration in MDM2 phosphorylation is further supported by our finding that virtually identical results were obtained in a phosphopeptide analysis of MDM2 from normal BALB/c 3T3 cells and from BALB/c SV3T3 cells (data not shown) and the finding that peptides II, III, V, and VIII (absent in MDM2 from normal cells) were present in MDM2 from SV40 lytically infected cells and in MDM2 from all SV40-transformed cells analyzed so far.
MDM2 becomes metabolically stabilized during SV40 transformation. Recently, it has been shown that MDM2 controls the level of p53 in normal cells by channeling p53 into the proteasomal degradation pathway (29, 39) . In SV40-infected FIG. 7. Comparison of the phosphopeptide patterns of MDM2 in SV40-transformed and normal cells. MDM2 was immunopurified from Swiss SV3T3 (A) and Swiss 3T3 (B) cells labeled with 32 P i , and MDM2-specific phosphopeptides were prepared and analyzed. The peptides prepared for analysis in panels A and B were mixed and then separated in two dimensions to indicate comigrating peptides (C). The origin is marked with a solid square, the anode is on the left, and P i indicates the position of free inorganic phosphate. MDM2-specific peptides are indicated as I to XXI.
and -transformed cells, p53 becomes metabolically stabilized by a virally induced cellular event (16, 73, 74, 81) . The specific targeting of a posttranslationally modified MDM2 to p53 and LT-p53 complexes in SV40-infected and -transformed cells therefore raised the possibility that metabolic stabilization of p53 in SV40 infection and transformation and the targeting of MDM2 were connected. Since MDM2 is short-lived in normal cells, with a half-life similar to that of p53 (59), we first asked whether the MDM2 proteins in normal and in SV40-transformed cells might have different turnover rates.
With a few exceptions (e.g., Swiss 3T3 cells [see below]), MDM2 is a protein of very low abundance in normal cells. This is shown in Fig. 8 , representing an analysis of the MDM2 content in normal rat F111 (lane 1) and REF52 (lane 2) fibroblasts, as well as in SV52 cells (lane 3), a derivative of REF52 cells (6) . For comparison, the MDM2 content of Swiss 3T3 cells is shown in lane 4. A total of 5 ϫ 10 7 cells were extracted, MDM2 was immunoprecipitated with our MDM2 antiserum, and the amount of MDM2 present in these cells was determined by Western blotting. Using this approach, we were unable to demonstrate the presence of MDM2 protein in F111 and REF52 cells (lanes 1 and 2, respectively) . However, after metabolic labeling of these cells with 32 P i , a small amount of MDM2 protein could be visualized, demonstrating that these cells express MDM2, albeit at a very low level (data not shown). In SV52 cells, Western blotting detected a faint MDM2 band (lane 3), indicating an increase in MDM2 levels in these cells over nontransformed rat fibroblasts. However, the amount of MDM2 in SV52 cells was still far smaller than that in Swiss 3T3 cells (lane 4).
This increase in MDM2 levels in SV52 cells was not due to enhanced mdm2 gene transcription, since the mdm2 mRNA levels in REF52 and in SV52 cells were similar (data not shown). We therefore considered metabolic stabilization of MDM2 as a means of elevating MDM2 levels in SV52 cells. MDM2 in normal cells is unstable, with a half-life of about 20 min (59) . This is also shown in Fig. 9A for the MDM2 protein in Swiss 3T3 cells, which were used instead of REF52 and F111 cells, because the last two cell lines do not contain enough MDM2 for such an analysis (see above). The major MDM2 band seen after a 15-min pulse (Fig. 9A, lane p) decreased during the ensuing chase periods of 15, 30, and 60 min (lanes c 1 to c 3 ), with the MDM2 protein being barely visible after the 60-min chase. The MDM2 protein in Swiss SV3T3 cells, in contrast, was stable during these chase periods (Fig. 9B) . Likewise, the MDM2 protein in SV52 cells was stable during a 2-h chase period following a 15-min pulse-label (Fig. 9C, lanes p  and c 1 ). An approximate 50% decrease in the intensity of the MDM2 band was seen after a 4-h chase period (Fig. 9C, lane  c 2 ) , indicating a half-life of the MDM2 protein in SV52 cells of about 4 h, which represents a significant stabilization of this protein after SV40 transformation.
DISCUSSION
The mdm2 oncogene was originally discovered due to its gene amplification in a spontaneously transformed BALB/c 3T3 cell line (21) . Overexpression of mdm2 led to immortalization of rat embryo fibroblasts and, in conjunction with the expression of an activated ras oncogene, to phenotypic transformation of these cells (24) . The oncogenic potential of the mdm2 gene is underscored by the finding that the human mdm2 gene is overexpressed in a significant number of human tumors, including soft tissue sarcomas, osteosarcomas, gliomas, and leukemias (13, 40, 43, 57, 66) . Overexpression of mdm2 in these tumors is due mostly to gene amplification but can also occur by other means, such as translocation of the mdm2 gene (7), enhanced mRNA levels (11), and enhanced translation (41) .
The molecular basis of the oncogenic activity of the MDM2 protein is not yet understood in detail. Best known is its function as a negative regulator of the p53 tumor suppressor protein. MDM2 can form a tight complex with p53 and block the ability of p53 to transcriptionally activate gene expression (12, 52, 58) . Since the mdm2 gene itself is an important target of transcriptional activation by p53 (3, 27, 35, 60, 79) , expression of both genes is controlled by an autoregulatory feedback loop (61, 77) , and negative regulation of p53 has been shown to be essential for embryonic survival in mice (34, 45) . However, the MDM2 protein has additional functions which might contribute to its oncogenic potential. MDM2 binds the retinoblastoma gene product pRb, thereby possibly relieving the transcriptional activator E2F1 from negative regulation by pRb (78) . In addition, MDM2 binds directly to the E2F1/DP1 transcription factor and stimulates its transcriptional activity (48) . MDM2 also forms a tight complex in vivo with the L5 ribosomal pro- VOL. 71, 1997 MDM2 IN SV40 TRANSFORMATION AND INFECTION  7615 tein, which in turn is associated with 5S rRNA (47) . Furthermore, the MDM2 protein binds directly to RNA, since it efficiently interacts with poly(G) homopolymer stretches of RNA and with specific RNA molecules in a sequence-and structurespecific manner via its RING finger domain (20) . So far, however, neither the function of the MDM2/L5 complex nor that of the RNA binding properties of MDM2 is understood. In this study, we provide evidence that the MDM2 protein is targeted by SV40 during lytic infection and in cellular transformation, since the MDM2 protein specifically coprecipitates with LT-p53 complexes and binds all the free p53 in these cells. The interaction of MDM2 with LT-p53 complexes probably had not been recognized before because of the identical apparent molecular masses of LT and MDM2 of about 90 kDa in SDS-PAGE and because the MDM2 protein is of low abundance even in SV40-infected or -transformed cells. However, it should be acknowledged that Tack and Wright (72) previously had suggested the coprecipitation of a cellular phosphoprotein of 90 kDa with the LT-p53 complex in SV40 lytically infected monkey cells. The targeting of MDM2 by SV40 is specific, since MDM2 specifically associates with LT-p53 complexes and with free p53 but not with free LT. Furthermore, MDM2 in SV40-transformed cells becomes metabolically stabilized and displays a significantly altered phosphorylation pattern from that in normal or uninfected cells. Although we showed the specific targeting of MDM2 by SV40 only for a very limited selection of cells in this study, very similar observations about altered phosphorylation and metabolic stabilization of MDM2 in a variety of SV40-transformed cells, as well as in clone 6 cells (50), supertransformed with SV40 LT (30) were made. We thus conclude that the targeting of MDM2 by SV40 is a general property of SV40 LT.
The coprecipitation of MDM2 with LT-p53 complexes was detected by analyzing the phosphopeptide map of LT complexed to p53, which revealed the presence of phosphopeptides not attributable to LT. These phosphopeptides were quite prominent, suggesting that MDM2 is a major component of the LT-p53-MDM2 complex. However, quantitative analysis of MDM2 associated with p53-complexed LT proved to be difficult, since our MDM2 antiserum failed to recognize this fraction of MDM2. Similar observations have been made with a polyclonal antiserum recognizing p300, which could not coprecipitate LT from extracts of SV40-infected cells (1) . Nevertheless, one can assume that the total amount of MDM2 in SV40-infected cells and in most SV40-transformed cells is rather small and that the prominence of the MDM2 phosphopeptide spots in the phosphopeptide map of LT complexed to p53, especially that from SV40-infected cells, reflects the fact that the MDM2 protein is highly phosphorylated. Phosphorylation of MDM2 in SV40-infected and -transformed cells was quite different from that of MDM2 in normal cells, since the phosphopeptide map of MDM2 from these cells exhibited a number of additional spots, indicating phosphorylation of MDM2 at additional phosphorylation sites. We therefore assume that SV40 early gene expression leads to an altered phosphorylation state of MDM2. The altered phosphorylation of MDM2 upon SV40 infection and transformation further underscores that MDM2 is a specific target of SV40. This altered phosphorylation of MDM2 could result from an increased or a newly induced kinase activity or from the specific inhibition of a phosphatase. The activity of phosphatase 2A is affected by SV40 small t, since small t binds to phosphatase 2A (reviewed in reference 56). However, our preliminary analyses indicate that small t is not involved in altering the phosphorylation state of MDM2, since MDM2 in cells infected or transformed with an SV40 small t deletion variant exhibited the same alterations in its phosphorylation pattern as did MDM2 in cells infected with wild-type SV40 (31) . Since it was previously reported that SV40 LT induces or enhances cellular kinase activities (68, 71) , it is tempting to speculate that MDM2 is a target of such an SV40 LT-induced kinase activity.
Our analyses suggest that the MDM2 protein associates both with LT-p53 complexes and with the free p53 in SV40-infected and -transformed cells. In contrast, we found no evidence for an association of MDM2 with free LT in either SV40-infected or SV40-transformed cells, since the phosphopeptide map of free LT did not contain any of the MDM2 phosphopeptides. This was a somewhat surprising finding, since SV40 LT contains the sequence TFSFLI (amino acids 217 to 222), which bears significant homology to the p53 sequence TFSDLW (human; amino acids 18 to 23) and TFSGLW (mouse; amino acids 18 to 23) mediating the association of p53 with MDM2 (62) . Therefore, LT should be able to bind MDM2, and an association of LT with MDM2 had been found in insect cells doubly infected with recombinant baculoviruses coding for these proteins (63) . That LT indeed has the capacity to form a complex with MDM2 is further supported by our in vitro association data, which clearly showed an association of the MDM2 protein with LT alone. Although we cannot rule out with certainty the possibility that phosphopeptide mapping is not sensitive enough to detect a minor association of MDM2 with free LT, we interpret the apparent lack of complex formation of MDM2 with free LT to reflect the specific targeting of MDM2 by SV40. Such a specificity is supported by the profoundly altered phosphorylation status of MDM2 after SV40 infection and transformation, which perhaps may even be causal in preventing the association of MDM2 with free LT in SV40-infected and -transformed cells. Our finding that the MDM2 in normal Swiss 3T3 cells is able to associate with LT in vitro (Fig. 6 ) is compatible with this idea.
Whereas MDM2 associated with free p53 could be quantitatively precipitated by our MDM2 antiserum, the same antibodies failed to recognize MDM2 associated with LT-p53 complexes. Again, this finding was in contrast to our in vitro analyses (Fig. 6) , in which the trimeric complexes of MDM2 with LT and p53 were recognized equally well by the LTspecific PAb419 and the MDM2 antiserum. A possible explanation could be that these complexes differed in composition due to different stoichiometries of the individual compounds in vitro and in vivo. Whereas in vitro all reaction partners were present in roughly equimolar amounts, both LT and p53 in SV40-infected and -transformed cells are more abundant than MDM2. Alternatively, the in vitro-and the in vivo-formed complexes between MDM2, LT, and p53 might be qualitatively different, leading either to the blocking of epitopes recognized by the MDM2 antiserum or to the generation of an MDM2 conformation no longer recognized by the antiserum.
The critically important question regarding the targeting of MDM2 by SV40 concerns its biological relevance. Although at present we can only speculate on this topic, we consider it an intriguing finding that in SV40-transformed cells, MDM2, like p53, becomes metabolically stabilized and the posttranslationally altered MDM2 is specifically targeted to LT-p53 complexes and to free p53 but not to free LT. Our previous data about metabolic stabilization of p53 during SV40 transformation had revealed that this is a virally induced cellular process. MDM2 recently has been linked to p53 turnover insofar as it directs p53 into the proteasomal degradation pathway, thereby controlling p53 levels (29, 39) . MDM2 is degraded together with p53, which explains the similar half-lives of these two proteins. It is therefore tempting to speculate that a posttranslationally altered MDM2 in SV40-transformed cells no longer is able to enter the proteasomal degradation pathway, which also would exclude p53 from such degradation and lead to metabolic stabilization of this protein.
The stabilization of MDM2 also leads to a significant increase in MDM2 levels in these cells, thus increasing the fraction of LT-p53 complexes in a trimeric complex with MDM2 and leading to quantitative complex formation with the free p53 in these cells. The complexing of free p53 by MDM2 could be viewed simply as a means of inactivating the transcriptional activity of this p53, which would be in line with the postulated function of MDM2 as a negative regulator of p53. This interpretation, however, does not hold for the interaction of MDM2 with LT-p53 complexes, since p53 in these complexes is already transcriptionally inactivated by LT (5, 51, 70) . Therefore, given the additional functions of MDM2 as outlined above, such as its ability to act as a transcriptional coactivator of the E2F1/ DP1 transcription factor (48) or its ability to relieve E2F1 from negative regulation by pRb (78) , one could envision an auxiliary transforming function for the targeting of MDM2 by SV40. Although this is purely speculative for the moment, such an auxiliary role would fit well with the auxiliary role postulated for metabolically stabilized p53 in SV40 transformation: metabolic stabilization of p53 enhances the fraction of LT in complex with p53, which correlates with an enhanced transforming activity of LT (81) . LT-p53 complexes, in turn, are a major target of MDM2 in SV40-transformed cells, suggesting the exciting possibility that the enhanced transforming potential of LT complexed to p53 is connected to its ability to bind MDM2, perhaps by activating oncogenic functions of MDM2. However, additional studies aimed at further elucidating the role of metabolic stabilization of p53 in SV40 infection and transformation and the targeting of MDM2 by SV40 are required to substantiate this speculation.
